Abstract: The amplification and digital quantification of single DNAmolecules are important in biomedicine and diagnostics. Beyond quantifying DNAmolecules in asample,the ability to express proteins from the amplified DNAw ould open even broader applications in synthetic biology,d irected evolution, and proteomics.H erein, am icrofluidic approach is reported for the production of condensed DNAn anoparticles that can serve as efficient templates for in vitro protein synthesis.Using phi29 DNAp olymerase and am ultiple displacement amplification reaction, single DNAm olecules were converted into DNAn anoparticles containing up to about 10 4 clonal gene copies of the starting template.D NA nanoparticle formation was triggered by accumulation of inorganic pyrophosphate (produced during DNAs ynthesis) and magnesium ions from the buffer.T ranscription-translation reactions performed in vitro showed that individual DNAn anoparticles can serve as efficient templates for protein synthesis in vitro.
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Compartmentalization and amplification of single DNA molecules inside nano-or picoliter-sized wells [1] and droplets [2] has opened up new opportunities for biomedical and biological sciences.T he discrete nature of compartments enables digital quantification of absolute numbers of nucleic acids in as ample, [3] accurate estimation of copy-number variation, [4] detection of pathogens [5] and rare cancer mutations, [6] as well as other applications. [7] Them ost common method of amplifying DNAi n as ample involves the polymerase chain reaction (PCR). However,f or droplet microfluidics experiments,t he large temperature gradient required for PCR is am ajor drawback that can cause droplet coalescence and loss of compartmentalization. In addition, amplification of long (> 1kb) templates is often inefficient, leading to decreased reaction yields. In contrast, DNAa mplification under isothermal reaction conditions has been shown to generate large amounts of material from as ingle-copy DNAt emplate, [8] circumventing potential problems associated with emulsion stability.M oreover, the ability to amplify DNAa nd then express proteins from the clonally amplified template would greatly increase the scope of potential applications.F or example,s ynthetic biology,d irected evolution, and large-scale proteomics screens would benefit from techniques that do not rely on protein expression in living systems.
Amajor challenge for in vitro expression of proteins is the relatively large amounts of DNAt emplate needed-on the order of 500 ng DNA( % 10 9 gene copies) per 50 mL reaction [9] -since protein synthesis from as ingle DNAc opy is rather inefficient. An alternative approach is to compartmentalize single DNAm olecules in droplets and perform clonal amplification followed by the in vitro transcriptiontranslation (IVTT) step. [10] However, the need for sophisticated microfluidic chips to perform complex droplet manipulations on-chip restricts broader use and further applications.
Herein we report anew approach for in vitro synthesis of proteins using condensed DNAn anoparticles comprising up to about 10 4 copies of the clonally amplified DNAt emplate. We employed ad roplet microfluidics approach to convert single DNAmolecules into DNAnanoparticles by amultiple displacement amplification (MDA) reaction driven by the bacteriophage phi29 DNApolymerase.Intriguingly,wefound that inorganic pyrophosphate (produced during isothermal DNAs ynthesis) and magnesium ions are ap rerequisite for DNAc ondensation into the crystalline-like globular structures.T his process was enhanced when the DNAa mplification reaction was performed inside droplets,w hich we attribute to the confined volumes and spatial accumulation of the reaction products.T od emonstrate the biological functionality of the DNAn anoparticles,w eu sed them in IVTT reactions and observed improved protein expression yields relative to standard assay conditions. We first encapsulated pUC19 plasmid DNAi nm onodisperse 3pLd roplets together with phi29 DNAp olymerase, exo-resistant random DNAp rimers,p yrophosphatase,a nd other reaction components (see the Supporting Information, Materials and Methods section) necessary for DNAsynthesis by an MDAm echanism. [8] Thep lasmid concentration was adjusted so that one droplet contained one DNAmolecule on average (l = 1.0). Themicrofluidics device used for encapsulation ( Figure 1 ) was operated at af requency of 4.6 kHz, allowing collection of 10 6 droplets in less than an hour. [10] The collected emulsion was incubated at 30 8 8Cfor 15 htoallow the isothermal DNAamplification reaction to occur and was then stained with the cyanine dye SYBR Green I, which becomes fluorescent upon binding double-stranded DNA( dsDNA; Figure 1c ). ThePoisson equation predicts that random partitioning of 0.57 pM DNAtemplate into 3pLdroplets (l = 1.0) will afford apopulation of 37 %empty and 63 %occupied droplets,with about 37 %ofthe droplets containing one DNAmolecule and about 26 %c ontaining two or more.D igital fluorescence analysis of the emulsion revealed that about 58 %o ft he droplets were fluorescent after isothermal amplification. Additionally,s erial dilutions of the DNAs ample confirmed that droplet occupancyf ollowed aP oisson distribution (see Figure S1 in the Supporting Information). Thes mall differences in occupancyb etween the experimental results and theoretical predictions can be attributed to abortive amplification of damaged DNAp lasmids,l osses caused by nonspecific adsorption in the system, or pipetting errors.A s expected, negative controls having no DNAt emplate afforded few fluorescent droplets (about 0.4 %), corresponding to about 2.0 fm ambient DNA.
Fluorescence imaging of an emulsion after the MDA reaction revealed am ean fluorescence intensity of 440 AE 88 RFU (RFU = relative fluorescence units) for occupied droplets,w hich translates to 110 AE 30 ng mL À1 of DNA, or about a1 0 5 -fold amplification of the starting template (Figure S2 ). Previous reports found as imilar degree of amplification when phi29 reactions were performed in bulk [8] and in droplets. [10] Unexpectedly,d uring the course of DNAa mplification, we noticed that excluding pyrophosphatase (PPase) from the reaction mix leads to the formation of highly fluorescent nanoparticles inside the droplets (Figure 2a) . PPase is an enzyme that catalyzes the hydrolysis of inorganic pyrophosphate into two orthophosphate molecules [11] and is used to increase the amplification yields of nucleic acids. [8] To confirm that inorganic pyrophosphate is indeed ap rerequisite for formation of condensed DNAnanoparticles,weencapsulated pUC19 DNA( 0.23 mm ; l = 410 5 )d issolved in 8mm Tr isHCl buffer (8 mm ;pH7.6) containing sodium pyrophosphate (4 mm)a nd MgCl 2 (10 mm), while excluding other components such as the phi29 enzyme,primers,and deoxynucleoside triphosphates (dNTPs) from the reaction mix. As expected, we observed formation of fluorescent precipitants in the droplets ( Figure S3 ), confirming that inorganic pyrophosphate and magnesium ions are major triggers for the formation of DNAn anoparticles.I na greement with our observations,o thers have recently reported the formation of DNA/RNA:pyrophosphate:Mg complexes under PCR/RCA conditions (RCA = rolling-circle amplification). [12] Taken together,o ur findings and the literature data allow us to conclude that inorganic pyrophosphate,p roduced during the 
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Electrophoretic analysis confirmed that DNAa mplification, with or without PPase,was specific ( Figure S4 ). We used digital image analysis to quantify the number of DNAcopies and found that single DNAn anoparticles contained about 6000 copies of the original template (Figure 2c ;N ote S1 in the Supporting Information). To gain further insight into the structural features of the DNAm aterial produced during isothermal amplification, we broke the droplets and analyzed the released material by transmission electron microscopy (TEM), scanning electron microscopy (SEM), atomic force microscopy (AFM), and dynamic light scattering (DLS). The DLS measurements confirmed the presence of particles with ad iameter of 152 AE 37 nm (Figure 3a) , in good agreement with the AFM measurements (Figure 3b ). TheT EM and SEM analysis revealed individual, densely packed nanoparticles of uniform size and ap etal-like surface structure (Figure 3c and 3d) . Similar crystalline-like,g lobular microstructures were recently generated from short, circular DNA [13] and RNA [14] templates.Nevertheless,despite detailed microscopic characterization of these DNA/RNAmicrostructures,t he importance of pyrophosphate:magnesium complexes for the nucleation and condensation process remained unappreciated. Performing the MDAr eaction in bulk at different template concentrations (0.1-100 pm)l ed to the formation of DNAa ggregates,a lbeit without clearly defined structures ( Figure S5 ).
To test whether individual DNAn anoparticles (DNANPs) could serve as templates for gene expression, we performed IVTT reactions (Figure 4 ). To monitor protein production, we used apET29b(+ +)expression plasmid encoding enhanced green fluorescent protein (eGFP) under the control of the T7 promoter. DNA-NPs were first prepared from this plasmid encapsulated in droplets and were then purified by preparative agarose gel electrophoresis and centrifugation. Thep urified material largely retained its densely packed structure,j udging from TEM images of purified particles ( Figure S6 ). Additionally,e lectrophoretic analysis of the sample confirmed highly specific amplification of the original template ( Figure S7) .
To evaluate the in vitro biological functionality of the synthesized material we added purified DNA-NPs to the IVTT mix and created 5pLd roplets using the same microfluidics device shown in Figure 1 . We used diluted suspensions c) The median yield of eGFP expression.The results are displayed as abox-plot, with median values indicated as red lines. The differences detected for eGFP expression in droplets containing free plasmid (7 000 copies of the template) and asingle DNA nanoparticle (carrying about 6000 copies of the template) were statistically significant (P = 3.2 10 À9 )asjudged by the Student's t-test. of DNA-NPs (l = 0.05) to ensure that each droplet contains no more than as ingle DNAn anoparticle.T he collected emulsion was incubated at 37 8 8Cfor 3hto allow in vitro gene expression to occur.F luorescence analysis confirmed that droplets containing single DNA-NPs expressed high levels of the eGFP,a se videnced by the appearance of highly fluorescent droplets (Figure 4b ;F igure S8). Considering that as ingle DNA-NP carries approximately 6000 copies of an initial template (Note S1 in the Supporting Information), we compared eGFP yields for droplets containing similar amounts of free plasmid (7 000 copies) to droplets containing as ingle DNA-NP and found that the latter gave about 2.5-times higher eGFP expression (Figure 4c ). Tr aces of free DNAm olecules that co-purified with the DNA-NPs showed negligible levels of eGFP expression (background droplets in the right panel of Figure 4b ). Importantly,a lthough the protein levels produced using as ingle DNAn anoparticle as atemplate were broadly distributed (coefficient of variation, CV = 0.33), the overall yield of in vitro expressed protein was much higher than could be obtained from as ingle DNA plasmid (Figure 4c ). These results indicate that aD NA nanoparticle produced from as ingle-copy template contains asufficiently large number of functional gene copies to afford high yields of protein.
Condensed DNAs tructures,i nt he form of hydrogels, have similarly been shown to increase RNAa nd protein yields in vitro. [15] Taking advantage of the densely packed DNAs tructure,c onventional DNAp urification techniques can be used to separate DNA-NPs from the original reaction components (salts,e nzymes). Such an option will be important for performing sequential multi-step reactions [16] that are inhibited or incompatible with standard biochemical conditions.A se xemplified previous work, [10] the DNAa mplification mix may inhibit the subsequent protein synthesis step because of differences in salt concentration, pH values,a nd other components.N onetheless,p urified DNA-NPs not only retain their compact structure but also,byvirtue of the large number of clonal gene copies,significantly increase the yield of protein produced in vitro.
Thei mportance of in vitro protein synthesis is easy to appreciate in the context of directed evolution, proteomics, synthetic biology,orvarious types of screening assays that rely on cell-free systems.I na ddition, DNAn anoparticles can be combined with hydrophobic materials to exploit numerous drug-delivery applications.
[17] Consequently,t his type of biomaterial may offer attractive possibilities for ar ange of biochemical and biomedical applications.
